The aim of this work was to compare the corrosion products formed on carbon steel plates submitted to atmospheric corrosion in urban and industrial atmospheres with those formed after accelerated corrosion tests. The corrosion products were characterized by X-ray diffraction, Mössbauer spectroscopy, and Raman spectroscopy. The specimens were exposed to natural weathering in both atmospheres for nine months. The morphologies of the corrosion products were evaluated using scanning electron microscopy. The main product found was lepidocrocite. Goethite and magnetite were also found on the corroded specimens but in lower concentrations. The results showed that the accelerated test based on the ASTM B117 procedure presented poor correlation with the atmospheric corrosion tests whereas an alternated fog/dry cycle combined with UV radiation exposure provided better correlation.
Introduction
Accelerated corrosion tests such as salt spray are of major interest for a variety of industries due to their ability of providing results more quickly than those obtained from natural weathering, giving support to the development of new alloys and protective coatings. The lack of correlation between the two types of tests, accelerated and natural weathering, however, has been the main drawback of accelerated testing. The development of laboratory tests which can simulate as closely as possible atmospheric effects has strategic significance. Many companies have considerable interest in the evaluation of new products designed to reduce the corrosion process, for example, the painting industry.
Several authors used different accelerated corrosion tests [1] [2] [3] [4] [5] [6] and highlighted the importance of alternated fog/dry cycles (Prohesion test) combined with ultraviolet radiation and condensation cycles to improve the correlation between accelerated and natural weathering tests. A continuous salt fog test (ASTM B-117) was related to lack of correlation.
The corrosion products formed on the surface of materials exposed to either natural weathering or accelerated corrosion tests are related to the corrosion mechanisms involved in their formation. The identification of the oxide/hydroxide phases formed during corrosion tests therefore gives information on the correlation between the natural weathering and the laboratory tests as the similarity in the composition of the rust layers may represent similar corrosion mechanisms. In Brazil, the information about the steel corrosion products formed in different atmospheres is still scarce.
Some works in the literature [7] [8] [9] [10] [11] [12] [13] [14] give valuable data related to the composition and morphology found in corrosion products of carbon steel specimens exposed to atmospheric conditions. Almeida et al. [15] reported that the initial stages of atmospheric corrosion of carbon steel in both rural and urban atmospheres yield the formation of lepidocrocite 2 International Journal of Corrosion ( -FeOOH) and goethite ( -FeOOH) . In chloride containing environments another form of iron oxyhydroxide, akaganeite ( -FeOOH), is frequently found [16] [17] [18] . Magnetite (Fe 3 O 4 ) is also frequently reported in coastal environments [19, 20] . Lepidocrocite and goethite are reported as the main phases independently of the environment [21, 22] . Raman spectroscopy and Mössbauer spectroscopy have been successfully used to characterize the different oxide phases formed on iron based alloys [23] [24] [25] [26] .
In this work the morphology and composition of the rust formed on carbon steel specimens exposed at two distinct atmospheres (urban and industrial) for nine months and to two accelerated corrosion tests were evaluated. Xray diffraction, Raman spectroscopy, and Mössbauer spectroscopy were used to identify the oxide phases formed during the tests. Scanning electron microscopy (SEM) was used to characterize the morphology of these phases.
Experimental

Material.
The material tested was carbon steel whose composition is shown in Table 1 . The dimensions of the specimens for atmospheric exposure were 150 mm × 150 mm and for accelerated testing were 150 mm × 75 mm. Prior to exposure the specimens were degreased with organic solvent and blast cleaned (Sa 2.5 finish).
Test
Sites. The specimens were exposed at two different sites in São Paulo State, Brazil. The first site, called Paula Souza, is located in downtown São Paulo, being typical of urban, polluted atmosphere. The second one at Cubatão is typical of an industrial atmosphere. The atmospheric conditions of both sites are characterized elsewhere [27, 28] . The specimens were exposed for a maximum period of nine months, according to ASTM G 50-76. The corrosion products evaluated in this work were formed during periods of exposure corresponding to 1, 2, 3, 6, and 9 months. For each exposure period, one specimen was used for evaluation of the corrosion products.
Accelerated Corrosion Tests.
Two accelerated corrosion tests were carried out, Test A and Test B. Test A was based on the ASTM 5894-96 standard and included alternating periods of exposure between a Fog/Dry cabinet, using the Prohesion cycle and an UV radiation and condensation cabinet (UVCON cabinet). The Prohesion cycle consisted of 1 h fog cycle using a solution made of 0.35 wt.% (NH 4 ) 2 PO 4 and 0.05 wt.% NaCl, alternated with 1 h dry periods under air stream at 35 ∘ C. In the UVCON cabinet the specimens were exposed during 4 h periods to UV-A radiation alternated with 4 h periods of condensation, according to ASTM G53. The specimens were maintained in each cabinet (Fog/Dry cabinet and UVCON) for 7 days and then transferred to the other cabinet. A whole cycle comprised 7 days exposure in each cabinet. The test duration comprised 4 cycles.
The conditions of Test B were 7 days of exposure to salt spray test, according to ASTM B-117, alternated with 7 days of exposure in the UVCON cabinet, using UV-A radiation and condensation periods, according to ASTM G53. A whole cycle consisted of 7 days of exposure in each cabinet. The test duration comprised 4 cycles.
Characterization of the Corrosion Products.
After exposure periods corresponding to 1, 2, 3, 6, and 9 months, one specimen from each atmospheric site was characterized to identify its corrosion products by Raman spectroscopy, Mössbauer spectroscopy, and X-ray diffractometry. The dimensions of the specimens used for these techniques were of 15 mm × 15 mm.
Raman spectroscopy was undertaken using a Renishaw Raman microscope (System 3000), coupled to an Olympus metallographic microscope and fitted with a CCD detector (Wright, 600 × 400 pixels). The specimens were excited with the 632.8 nm line from an air-cooled He-Ne laser (Spectra Physics, mod. 127). 80x magnification objective lenses were used to focus the laser (ca. 0.4 mW) on the samples and to collect the scattered light.
For the specimens exposed to natural weathering, the Mössbauer spectra were taken directly over their surfaces using the scattering geometry. For the specimens exposed to accelerated tests, however, the corrosion products were removed from their surfaces before analysis since they were loose and did not permit a direct analysis over the surface. The spectra on these last specimens were taken using the transmission geometry. The radiation source was cobalt-57 within a rhodium matrix. All spectra were obtained at room temperature.
The XRD measurements were performed employing a Rigaku ULTIMA-IV diffractometer using Cu-K alpha radiation at 40 kV and 30 mA, scintillation detector, and pyrolytic graphite monocromator, in the 2 range from 10 ∘ to 85 ∘ , 0.025 ∘ steps, and 4 sec/step counting time. The phase identifications were performed by comparison to ICDD-PDF Database [29] . The quantitative analyses were performed by Rietveld refinement using GSAS/EXPGUI [30] package. SEM was carried out with XL20 Phillips equipment. The specimens were gold coated prior to analysis.
Results
Raman Spectroscopy.
All specimens analyzed by means of Raman spectroscopy showed three regions of different colours, yellow, red, and black. Three spectra were obtained for each of these regions, on three different areas: at the center and at each border. A total of nine spectra were obtained for each specimen: three from the yellow, three from the red, and three from the black areas. The results shown are an average for each region of each specimen.
The products identified in the oxide layer of the specimens exposed at both sites (urban and industrial) were lepidocrocite ( -FeOOH), goethite ( -FeOOH), and magnetite (Fe 3 O 4 ), for all the exposure times. Since the characterization of corrosion products by Raman spectroscopy was performed on a small area (laser spot of ca. 4 m 2 ), it was not possible to estimate the quantitative contribution of each phase, even probing different regions. However, it was possible to associate the colour of the oxide to a particular phase. It was found that the red oxide showed Raman spectra typical of lepidocrocite ( -FeOOH), with the most intense bands at 245 and 375 cm −1 [8, 9] . Figure 1 (a) shows a spectrum representative of lepidocrocite, for a specimen exposed at Cubatão for three months. The Raman spectra of yellow regions indicated that they correspond to a mixture of lepidocrocite and goethite (most representative bands at 245, 299, 385, 479, and 550 cm −1 [8, 9] ). In spite of some band overlap (particularly the 245 cm −1 mode) the spectra allowed an unequivocal differentiation between goethite and lepidocrocite. Figure 1 (b) shows a spectrum typical of a yellow region. The black oxides showed Raman spectra with bands of magnetite at 662 and 535 cm −1 together with lepidocrocite and goethite bands ( Figure 2 ). Magnetite is a black oxide [27] and therefore its detection on black areas is not surprising. The spectrum shown in Figure 2 was obtained from black areas on a specimen exposed for two months at Cubatão. Similar spectra were obtained for all of the exposure times (1, 2, 3, 6, and 9 months) independently of the atmospheric sites (Cubatão and Paula Souza), and for the accelerated tests (Test A and Test B).
Mössbauer Spectroscopy.
The fitting procedure of the Mössbauer scattering spectra was difficult for the corrosion products of specimens exposed to natural weathering for the periods evaluated (1, 2, 3, 6, and 9 months). Only a central doublet could be defined for most of the samples. Figure 3 shows an example of a typical spectrum obtained. The doublet was attributed to lepidocrocite in all the samples.
The difficulties of confirming the presence of other phases, which were identified by Raman spectroscopy, such as goethite and magnetite, were due to the poor resolution of International Journal of Corrosion the Mössbauer spectra. The sextets of goethite and magnetite did not fit other results reported in the literature [12] [13] [14] .
Despite these fitting problems, for some samples the hyperfine parameters (isomer shift, quadrupole splitting, and magnetic hyperfine field) of goethite were in agreement with other works [12] [13] [14] and therefore its presence might be presumed. However, magnetite could not be identified in any of the specimens exposed to atmospheric corrosion. Table 2 shows hyperfine parameters of the oxide phases found in the specimens exposed at Cubatão and Paula Souza (9 months of exposure) and to Tests A and B. Transmission Mössbauer spectra of the specimens exposed to accelerated laboratory tests showed better resolution than the scattering geometry used for specimens exposed to natural weathering. For both tests, Tests A and B, the sextets of goethite and magnetite were well resolved. The hyperfine parameters are shown in Table 2 . The main phase found on the corrosion products of specimens exposed to both tests (A and B) was magnetite, followed by goethite and lepidocrocite. The presence of akaganeite was indicated in the specimen exposed to Test B. However, at room temperature akaganeite presents a doublet with hyperfine parameters very similar to those of lepidocrocite [12] . Consequently it is not possible to distinguish between these two phases at room temperature. Figure 4 shows a typical spectrum of corrosion products on specimens submitted to Test A.
X-Ray Diffraction (XRD).
The identification of the corrosion products formed on the specimens exposed to natural weathering and accelerated tests was complemented using XRD analysis. XRD patterns of the specimens exposed at Cubatão and Paula Souza are presented in Figures 5 and 6 , respectively. XRD patterns of the specimens submitted to accelerated tests A and B are shown in Figure 7 . The phases identified on each specimen were quantified by Rietveld refinement and the results are displayed in Table 3 .
Quantitative X-ray analysis indicates that the main corrosion products in Cubatão were lepidocrocite and goethite up to six months of exposure. Magnetite was identified as a minor constituent on the specimen exposed for six months. After nine months of exposure, though, it became the major phase on the rust layer. The presence of lepidocrocite and goethite was also observed in Paula Souza. Lepidocrocite was the main phase, followed by goethite. These are the 
Paula Souza-6 Paula Souza-2 Paula Souza-3 main phases on rusts formed on carbon steels during natural weathering [19] . Magnetite was not found by XRD on any of the specimens exposed in Paula Souza. According to Momber [31] magnetite would be the final form of corrosion product on carbon steels, after transformation from lepidocrocite into goethite and, finally, magnetite. The XRD data unequivocally identified magnetite on the specimens exposed for six and nine months at Cubatão, but not at Paula Souza. The major oxide phase on the specimen submitted to Test A was magnetite, followed by goethite and a smaller amount of lepidocrocite. In Test B these three phases were also found and, additionally, akaganeite was identified. This phase is reported as a typical iron oxide component in marine environments [19] . Hence, its presence was expected on the specimen exposed to Test B. In this respect, the result obtained by Mössbauer spectroscopy (Table 2 ) could be effectively verified by XRD, confirming the formation of akaganeite on the steel rust after Test B.
Scanning Electron Microscopy (SEM)
3.4.1. Natural Weathering/Atmospheric Corrosion. All specimens exposed to natural weathering at the two sites and observed by SEM showed morphological structures typical of lepidocrocite and goethite. Figure 8 shows a micrograph of a specimen exposed at Cubatão for one month. Cotton ball structures, typical of semicrystalline goethite [29] , interconnected by nest like formations were often found on all the specimens.
The micrograph of a specimen exposed for three months to the urban atmosphere is shown in Figure 9 . Sandy crystals typical of lepidocrocite [10, 11] , are frequently found, in agreement with the Mössbauer spectroscopy data which showed that lepidocrocite is the main phase of the oxide layer on these specimens. The magnetite pattern (flat and dark areas, with circular disks [11] ) was not found in any of the specimens exposed to natural weathering.
Accelerated Tests.
The structures of the corrosion products formed on the specimens exposed to Tests A and B are more crystalline than those on the specimens exposed to atmospheric corrosion. Particularly for the specimens submitted to Test B, the morphologies of the corrosion products presented very sharp structures typical of crystalline goethite [11] , as shown in Figure 10 (a). Magnetite structure was also observed as illustrated in Figure 10(b) . Cotton balls typical of semicrystalline goethite [11] and sandy structures were not found. For both types of specimens, exposed to either Test A or Test B, crystalline structures were observed, although the crystalline structure of specimens exposed to Test A was less marked than that associated with specimens exposed to Test B. Magnetite morphology was not observed. Cotton balls and sandy structures were not seen. Another morphology typical of lepidocrocite, which was also observed on several specimens exposed to atmospheric corrosion, the flowery structure [10] shown in Figure 10 (c), was identified.
Discussion
Atmospheric Corrosion/Natural
Weathering. The Raman spectroscopy results, despite their qualitative character, gave indications about the predominance of lepidocrocite on the specimens exposed to natural weathering. The predominance of lepidocrocite was expected as this oxide phase is usually reported as the initial corrosion product formed on carbon steels [31] . Visual observation of the specimens showed that the red regions, typical of lepidocrocite, were present in much larger proportions than the yellow (goethite) or black (magnetite) regions. The yellow regions occupied a larger area than the black regions. Thus, lepidocrocite was inferred as the major phase in the rust layer, followed by goethite and magnetite.
XRD analyses provided quantitative evidence for the qualitative indications of the Raman spectra. Lepidocrocite and goethite were the only phases identified in the rust layer of the samples exposed in Cubatão for up to three months. Magnetite was identified in the sample exposed for six months. After nine months the amount of magnetite increased significantly. Cubatão station is classified as an industrial atmosphere with reported corrosion rate of 119 m/year and a chloride content of 7.97 mg/m 2 ⋅day [32] . The formation of magnetite is favored depending on the severity of the atmospheric corrosion process. Some reports point that magnetite is the final form of iron oxide during atmospheric exposure of plain carbon steels and this would be favored in more aggressive environments where the oxidation process is faster [31, 33] .
Magnetite was not identified by XRD in the samples exposed in Paula Souza station, regardless of the exposure time. The qualitative Raman spectra shown in Section 3.1 have indicated the presence of magnetite in these specimens. It is likely that the volume fraction of magnetite formed during the nine months of atmospheric corrosion was not sufficient to be detected by XRD. However, when the Raman laser was focused on the black regions of the surface rust layer on these specimens, then magnetite could be locally identified. Moreover, the corrosion rate of plain carbon steel in Paula Souza is reported to be only 15.4 m/year whereas it is 119 m/year in Cubatão. Thus, the formation of magnetite would proceed slowly in Paula Souza due to a slower oxidation process. It is also interesting to note that the ration goethite/lepidocrocite is higher for the specimens exposed in Paula Souza station than for those exposed in Cubatão station. According to the literature, for transformation of lepidocrocite into goethite is favored in atmospheres with SO 2 contamination [34] . The SO 2 content is reported to be higher in Paula Souza than in Cubatão [27, 32] , thus supporting the quantitative findings obtained by XRD.
SEM micrographs showed morphologies typical of lepidocrocite (sandy and flowery structures) and goethite (cotton balls) as the major structures for all of the samples observed confirming the Raman spectroscopy results. Morphology typical of magnetite (flat and dark areas with circular disks [9] ) was not identified by SEM images. This can be attributed to two major aspects. The first one is that the formation of magnetite can occur from the inner to the outer rust layers, as the transformation of lepidocrocite into magnetite is favored when the oxygen supply is low. Thus, the top surface analysis International Journal of Corrosion by SEM would not detect typical morphologies of magnetite, even when it is present into the bulk oxide film. The second one is that for some specimens the amount of magnetite was low and could not be detected by XRD. Hence, SEM analyses could not identify typical morphologies of magnetite on these specimens.
Mössbauer analysis showed only the presence of lepidocrocite for most samples. Problems with resolution of the Mössbauer spectra were responsible for the incomplete results obtained by this technique. This result, however, confirmed the Raman spectroscopy data and XRD analyses which showed lepidocrocite as the main phase for all samples exposed to natural weathering in Paula Souza and in Cubatão up to three months. However, when the amount of goethite and magnetite is considered, the Mössbauer analyses performed at room temperature did not provide reliable information.
Accelerated Tests.
The characterization of the corrosion products on the specimens exposed to Test A (Prohesion cycle alternated with UV-A radiation and condensation cycles) showed that their rust layer composition was very similar to that of specimens exposed to natural weathering, at either urban or industrial atmospheres. Raman spectroscopy results showed lepidocrocite as the major product of the rust layer followed by goethite and magnetite.
SEM micrographs showed structures typical of goethite and lepidocrocite. However, few differences were found between the morphologies of the corrosion products produced by natural weathering and accelerated tests. For specimens exposed to the accelerated tests, the morphologies of the corrosion products were sharp and porous and with high regularity, revealing high crystallinity. On the other hand, the corrosion products of the specimens submitted to natural weathering showed low porosity, sharpness, or regularity. Even though the rust phases and their intensities were similar to the two types of tests, the different morphologies are probably due to the aggressiveness of Test A conditions compared to the atmospheric exposure.
Mössbauer results showed the predominance of magnetite with small quantities of lepidocrocite in the corrosion products of specimens exposed to Test A. Nevertheless, as described earlier, the Raman spectroscopy data indicated lepidocrocite as the major phase in the corrosion products, with minor quantities of goethite and magnetite. The difference of the relative intensity of each phase found for the results obtained by Mössbauer spectroscopy and Raman spectra may be related to differences in sample preparation. For Raman spectroscopy the analysis was carried out directly over the surface of the specimens without scraping the corrosion products. For Mössbauer spectroscopy, the corrosion product was scraped off the surface and the powder obtained was submitted to analysis. Therefore, the results are representative not only of the surface but also of the inner layers. Magnetite is generally formed at the oxide/metal interface [11] . Thus, its predominance in the Mössbauer spectrum is possibly due to this. This corroborates the XRD data (Table 3) which also revealed the predominance of magnetite in the specimens exposed to Test A and was also carried out with the scraped corrosion product and not at the surface of the specimen. The analysis of corrosion products on specimens submitted to Test B (salt spray test alternated with UV-A radiation and condensation cycles) showed different results from those of the specimens exposed to natural weathering or to Test A. For specimens exposed to Test B, Raman analyses showed magnetite as the main phase. Raman spectra of these specimens revealed black regions (typical of magnetite) in larger proportions than yellow (goethite) or red regions (lepidocrocite). Mössbauer analysis also suggested that akaganeite is present on the corrosion product, and this phase was not present on the specimens exposed to natural weathering, either at Cubatão or at Paula Souza or even to Test A. As akaganeite is typical of atmospheres with high chloride contents [11] , its presence on specimens exposed to Test B was not surprising since the salt spray cycle consists of a continuous fog of NaCl 5 wt.% solution. According to the literature [20] , magnetite is typical of aggressive atmospheres. XRD data confirmed the presence of akaganeite on the specimens exposed to Test B (Table 3) .
XRD analysis and Mössbauer spectroscopy data provided quantitative evidence that magnetite is the dominant phase in the specimens exposed to Test B and that akaganeite is also formed probably due to contact of the steel surface with the chloride ions in salt spray fog. This result has no correlation with the atmospheric corrosion tests carried out either in Paula Souza station (urban atmosphere) or in Cubatão station (industrial atmosphere). Notwithstanding, the results obtained from the specimens exposed to Test A point to the predominance of magnetite (Table 3) without signs of akaganeite. This behavior is similar to that observed for the specimens submitted to natural weathering. However, it is important to bear in mind that the amount of lepidocrocite is smaller in the specimens submitted to Test A (Table 3) than that obtained for the atmospheric exposure regardless of the exposure time. In this respect, it is possible to infer that the experimental conditions of Test A are more suitable to simulate natural weathering. Nevertheless, the experimental conditions are more aggressive than for the atmospheric exposure, as indicated by the smaller amount of lepidocrocite.
Morphology typical of magnetite was identified by means of SEM on several areas of the sample observed by SEM (Figure 10(b) ), confirming the predominance of this phase. SEM micrographs also showed structures typical of crystalline goethite (Figure 10(a) ). There were no signs of lepidocrocite structures. The morphology of the corrosion products on specimens exposed to Test B was more crystalline and showed sharper and more regular formations than those on the specimens submitted to Test A, indicating the superior aggressiveness of Test B.
Conclusions
The composition of the rust layer and the intensities of each phase were similar to the specimens exposed to urban or industrial atmospheres (Paula Souza and Cubatão, resp.). The main phases in their corrosion products were lepidocrocite, goethite, and magnetite. Raman spectroscopy provided qualitative results that allowed the association between the oxide colour (red, yellow, or black) and its composition. Mössbauer analysis presented some resolution concerns but allowed qualitatively identifying the main oxide phases present on each sample. XRD analysis provided quantitative information on the composition of the corrosion products. Lepidocrocite was the major phase in rust layer of the specimens exposed in Cubatão station up to six months whereas magnetite was the main constituent after nine months of exposure. Lepidocrocite was the main phase in the specimens exposed in the less aggressive atmosphere of Paula Souza station regardless of the exposure time. Akaganeite was identified in the corrosion products of the specimens submitted to Test B.
The accelerated test that included the Prohesion cycle (Test A) presented better correlation with natural weathering results. On the other hand, the accelerated test that involved the salt spray cycle (Test B) was more aggressive and showed poor correlation with atmospheric corrosion tests.
